Populus yunnanensis Dode., a native dioecious woody plant species in Southwest China, plays an important role in commercial forestry and environmental protection. In natural habitats, female P. yunnanensis trees are extremely rare while males are dominant in population. Our previous physiological studies in the species have revealed sex-dependent difference in response to drought stress, and females suffer greater negative effects than males. However, the molecular basis of sex-related differences during drought stress has been poorly characterized. We use the Illumina-Solexa platform to sequence the leaf transcriptomes derived from male and female P. yunnanensis trees grown in normal condition and drought stress. In total, 22,235 transcripts were identified in this study and 6039 genes were differentially expressed (DEGs) during drought stress. Majority of the DEGs were identified in males (92%, 5539); thus, males had greater remodeling of the leaf transcriptome in response to drought compared with females. Furthermore, many genes involved in hormone biosynthesis, photosynthesis and reactive oxygen species (ROS) scavenging enzyme system had more transcript changes in males than in females during drought stress, while these genes exhibited higher transcript alteration in females than in males in normal condition. Quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) analysis of 15 selected genes suggested that during drought treatment the up-regulated DEGs had a quicker increment in their transcript abundances in females than that in males. The sexual differences of gene transcription coincide with the sexual different adaptation of P. yunnanensis in the present natural habitats.
Introduction
Drought is an important abiotic stress that has adverse effects on plant growth, productivity and geographic distribution (Bartels and Sunkar 2005) . Owing to global warming and environmental deterioration, drought has been widely expanded and becomes a more serious problem in many regions, especially in arid or semi-arid areas (Wang et al. 2003 , Adams et al. 2009 ). Drought stress greatly reduces crop production worldwide by up to 50% (Boyer 1982 , Bray et al. 2000 . Plants have evolved multifaceted strategies to tackle water shortage, including molecular, cellular, physiological and metabolic adaptations. Mechanisms of plant responses to drought stress have been investigated at the biochemical, transcriptomic, metabolomic and proteomic levels (Hollywood et al. 2006 , Foito et al. 2009 .
Previous studies have shown that changes in transcript abundance during drought stress were correlated to the observed physiological responses (Bray 1997 , Hazen et al. 2005 . Of hundreds of genes that may be involved in drought acclimation, a few genes have been well characterized, such as proline dehydrogenase (ProDH), responsive to dehydration29A (RD29A), late embryogenesis abundant protein (LEA) and 9-cisepoxycarotenoid dioxygenase (NCED) (Shinozaki et al. 2003, Shinozaki and Yamaguchi-Shinozaki 2007) . Recently, highthroughput next-generation sequencing technologies have been proven as powerful tools for the discovery of drought stress-inducible genes and drought-induced transcriptional remodeling (Hirematch et al. 2011) . Transcriptome analysis has demonstrated the existence of both abscisic acid (ABA)-dependent and ABA-independent regulatory systems in the transcriptional regulatory network under drought stress Shinozaki 2005, 2006) . Furthermore, several studies have focused on the transcriptional differences among different poplar species (Street et al. 2006) , or their interspecific (Wilkins et al. 2009 ) and intraspecific hybrids (Cohen et al. 2010 , Hamanishi et al. 2010 . These studies have revealed that poplar trees, regardless of species or hybrids, are likely to have different mechanisms in response to drought stress and they are highly dependent on genotypes.
Dioecious plants are important component of terrestrial ecosystems. They account for nearly 6% (14,620 of 240,000) of angiosperm species (Renner and Ricklefs 1995) . Dioecious plants commonly exhibit sexual segregation and have different sensitivity to drought and other stresses (Dawson and Ehleringer 1993 , Li et al. 2004 , Xu et al. 2008a . Populus belongs to dioecious trees and usually exhibits sexual segregation. Female poplars have higher reproduction costs and they are generally more common in wetter habitats while males are more popular in drier habitats (Freeman et al. 1976 ). Significant differences in physiological traits have been observed between male and female poplars in response or adaptation to drought stress (Hughes et al. 2008 , Xu et al. 2008a , 2008b . During drought stress both sexes decrease growth and photosynthesis, and increase intrinsic water-use efficiency, carbon isotope composition, malondialdehyde and ABA contents; however, females suffer greater negative effects than males (Xu et al. 2008a , 2008b ). These sexual differences may be related to the genetic basis, evolutionary processes and the differential reproduction costs between females and males (Xu et al. 2008b . Apart from the physiological studies, the molecular mechanisms underlying sexual differences of poplars in response to drought stress have been poorly characterized.
Populus yunnanensis Dode is a native poplar species in southwestern China. This species plays an important role in commercial forestry and environmental protection because it is fast growing, hardy, easy to reproduce asexually and resistant to leaf rust and spot diseases. It is also a precious poplar genetic resource in high-elevation regions of low latitudes. Meigu, located in northeastern part of the Liangshan prefecture, is one of the major natural distribution regions. In this region, dry and wet seasons are typically separated with the main rainy season from May to October, and evaporation is usually greater than precipitation. Drought has significantly affected vegetative development and geographical distribution of this species leading to skewed sex ratios in this region . Currently, P. yunnanensis is mostly grown in wild with scattered distribution and few patches of fine trees. In the natural habitats, female P. yunnanensis trees are extremely rare but males dominate the existing population. Thus, females have been protected as an endangered sex of poplar by the local government. Our earlier study has revealed sexual differences of P. yunnanensis in drought or salt adaptation at the physiological level . However, little is known about the molecular mechanisms of sexual differences in drought or salt stress. Using the Illumina-Solexa sequencing technology, Jiang et al. (2012) observed the sexual differences at the transcriptome level and identified several functional groups of differentially expressed genes (DEGs) involved in important pathways showing differential expression under salt stress (Jiang et al. 2012) . The identified sex-related genes and their functional groups have greatly improved our understanding on the molecular mechanisms of sexual differences in salt stress. In the present study, we focus on the molecular mechanisms of sexual differences in response to drought stress at the transcriptome level using the Illumina-Solexa sequencing. Our aim is to reveal sexual differences of the leaf transcriptome remodeling in P. yunnanensis during drought stress. This study will provide molecular clues for the understanding of the sexdependent responses in natural habitats.
Materials and methods

Plant materials, growth conditions and drought treatments
To minimize the genetic differences of the experimental materials we used male and female P. yunnanensis individuals from an F1 progeny as described in our previous study (Jiang et al. 2012) . The cuttings were planted in March 2009 in a greenhouse for ~2 months. The healthy plants with an average of 18 nodes and ~40-50 cm of height were replanted into 10-l plastic pots (one plant per pot) filled with 8 kg homogenized soil and 8 g slow release fertilizer (13% N, 10% P and 14% K). Plants were further grown in a greenhouse with natural light, while day and night temperatures were controlled at 28 and 14 °C, respectively. All plants were watered every second day to field capacity and were grown for 60 days prior to drought treatment. Healthy plants with similar growth in crown size and height were chosen for the experiment in a completely randomized layout with two factors (sex and water). Watering at 30% of soil field capacity was used as drought treatment with 100% of soil field capacity as a control. In total, four treatments were included in this study: males in control (MC), females in control (FC), males in drought (MD) and females in drought (FD). Nine plants of each sex were used in each treatment. Three replicates with three plants each were used to reduce sampling errors. In the control, the pots were watered to 100% field capacity (soil water content maintained at 40.4%) by replacing the amount of water transpired everyday; however, in drought treatment, the pots were watered only to 30% field capacity (soil water content maintained at 12.1%) everyday. The drought treatment was lasted 2, 4, 6, 8 and 10 days, respectively. At the end of the treatment, the fourth fully expanded and intact young leaves near the shoot apex of each plant were harvested and immediately frozen in liquid nitrogen.
Illumina sequencing, tag alignment and statistical analysis
Total RNA was isolated from three biological replicates using the E.Z.N.A. TM Plant RNA Kit (OmegaBio-tek, Norcross, GA, USA) and further purified by a chloroform extraction. The RNA samples were then incubated for 20 min at 37 °C with 10 units of DNase I (Ambion, Austin, TX, USA) to remove residual genomic DNA. The integrity of the RNA was verified by Lab-onchip analysis using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All samples had an RNA integrity number greater than 8.
Four DGE libraries were prepared using the method described previously (Jiang et al. 2012) . Total RNA was separately extracted from nine individuals at the 10-day drought treatment or the control, and then it was pooled in equal proportion. Six micrograms total RNA were used to purify mRNA using oligo(dT) magnetic beads. First-and second-strand cDNA were subsequently synthesized after the mRNA was attached to the beads. The double-stranded cDNAs were digested with NlaIII, and all other fragments were washed off except for the 3′ CATG fragment attached to the oligo bead. The Illumina adapter 1 containing sequence of the restriction enzyme MmeI was ligated at the site of NlaIII cleavage and digested to create a 17 bp tag, while the Illumina adapter 2 was ligated at the site of MmeI cleavage. Polymerase chain reaction was performed with two primers that anneal to the ends of the adapters to enrich the adapter-ligated cDNA construct. After 15 cycles of linear PCR amplification, 85 base strips were purified by 6% Tris-borate-EDTA polyacrylamide gel electrophoresis. These strips were then digested, and the single-chain molecules were fixed onto the Illumina-Solexa sequencing template through situ amplification. Then four types of nucleotides labeled with different colors were added before sequencing using the method of sequencing by synthesis. Each channel generated millions of raw tags at 35 bp. Finally, the purified cDNA tags were sequenced on the Illumina Cluster Station and Genome Analyzer (Illumina, San Diego, CA, USA). Image recognition and base calling were conducted using the Illumina data processing pipeline (v1.1).
Of the raw sequences, 3′ adaptor tags, empty tags, lowquality tags (tags with some unknown nucleotides 'N') and tags of copy number = 1 were filtered to produce clean tags of 21 bp in length. Clean tags were mapped to the Populus trichocarpa Torr. & A. Gray genome (P. trichocarpa v2.2) (http:// www.phytozome.net/poplar) and other transcript databases (UniGene, Refseq, GenBank) using the SOAP program . Mismatches of no more than 1 nt were considered for the differences between species. Clean tags mapped to more than one gene were excluded from further analysis because they cannot present DEGs.
Statistical significance of the identified DEGs was tested using a rigorous algorithm described previously (Audic and Claverie 1997) . The transcript abundance was normalized to transcripts per million clean tags (TPM) . P values were adjusted as described by Benjamini and Yekutieli (2001) and the false discovery rate (FDR) was calculated. False discovery rate <0.001 and the absolute value of log 2 ratio ≥1 were used as the thresholds to judge the significance of transcript abundance difference. To identify the sex chromosome-linked DEGs, all DEGs were mapped to chromosome 19 of P. trichocarpa. Gene Ontology (GO) terms were assigned to the identified genes according to phytozome (http://www.phytozome. net/poplar). GO enrichment analysis was performed using the agriGO program (http://bioinfo.cau.edu.cn/agriGO/) (Du et al. 2010 ) with default parameters using the identified Populus genes as references. PermutMatrix v1.9.3 (http://www.lirmm. fr/ ~ caraux/PermutMatrix/index.html) was used to cluster plant hormones biosynthesis-related genes according to their mean normalized intensity values ).
Quantitative reverse transcriptase-polymerase chain reaction analysis
Nine DEGs co-up-regulated in both sexes were chosen to investigate their detailed transcription patterns during the drought treatments. Differential expression of 15 DEGs identified from the Illumina-Solexa sequencing were validated by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). Three biological replicates were used to account for sampling errors. The primers used in qRT-PCR were listed in Table S1 available as Supplementary Data at Tree Physiology Online. A gene encoding ubiquitin-conjugating enzyme (NCBI accession number: XM_002307243.1) with a similar intensity value across all DGE libraries was used as a reference gene for normalization. The qRT-PCR reactions were performed as previously described . Two micrograms of total RNA was used for cDNA synthesis with ReverTra Ace Moloney murine leukemia virus reverse transcriptase (Toyobo, Osaka, Japan). The cDNA samples were diluted to a final concentration of 2 ng µl −1 . Quantitative reverse transcriptase-polymerase chain reaction was performed with 1 µl cDNA dilution using the SYBR Green detection (SYBR PrimeScript RT-PCR Kit, Transcriptional profiling of sexual differences to drought in poplar 1543 TaKaRa Biotechnology Co., Ltd., Dalian, China) in an Opticon Monitor 3 DNA engine (Bio-Rad Laboratories, Hercules, CA, USA). Each cDNA was analyzed in triplicate, and the average threshold cycle (Ct) was calculated for each sample. The relative expression levels were calculated using the 2 −ΔΔCt method (Livak and Schmittgen 2001) .
Results
Analysis of the Illumina-Solexa sequencing tags
We used the Illumina-Solexa sequencing platform to sequence the leaf transcriptomes from the four treatments, including two well-watered conditions as controls (female control, FC; male control, MC) and two drought treatments (female drought, FD; male drought, MD). For each treatment, 2.5-3.6 million tags were generated (Table 1) . After low-quality tags and tags of copy number = 1 were filtered out, 2.3-3.4 million clean tags remained. These tags of the four digital gene expression (DGE) libraries were mapped to the P. trichocarpa genome and other related transcript databases (UniGene, RefSeq and phytozome). Approximately 76.5% of the tags had matches. Most tags with matches were unique tags (match only one poplar locus) (60.2-70.4%), while the rest (~30-40%) were nonunique (match more than one poplar loci). To more accurately investigate gene expression in different treatments, only unique tags were used in further analysis. In total, 22,235 transcripts were identified from the four conditions. The identified transcripts accounted for 48.4% of 45,974 annotated genes in poplar and 53.7% of 41,404 poplar genes with CATG site. In the control and drought stress, the number of mapped genes in females (18,178 and 19,340 genes) is similar to that in males (18,559 and 19,303) , respectively (Table 1) . We further compared the mapped genes among the four treatments (FC, FD, MC and MD), and found that ~80.9% of the mapped genes were observed in at least two treatments (Figure 1) .
To estimate the depth of Illumina-Solexa sequencing of the four DGE libraries, the saturation analysis was performed and the distribution of tags was analyzed. The number of detected genes remained relatively stable when the sequenced tags were >2 million ( Figure Table S1 available as Supplementary Data at Tree Physiology Online). In general, gene expression patterns detected by the IlluminaSolexa sequencing were in good correlation with those measured by qRT-PCR (Pearson's correlation coefficient r = 0.924).
Sexual differences of the leaf transcriptomes in response to drought
To identify global transcriptional changes under drought stress, we used a binomial test (P < 0.05 and FDR < 0.001) and a twofold change cutoff of transcript levels between well-watered and drought conditions (log 2 ratio <−1 or >1). We identified a total of 6039 DEGs during drought stress (Table S2 available as Supplementary Data at Tree Physiology Online). Among these DEGs, 5539 and 1034 were identified in males and females, respectively, and 534 DEGs were common in both sexes (Figure 3a) . The identified DEGs were classified into eight clusters according to their expression patterns (Figure 3b , Table S3 available as Supplementary Data at Tree Physiology Online). Of the eight clusters, four clusters were up-regulated or down-regulated exclusively in a single sex, including upregulated exclusively in males (3579 DEGs) or in females (396), and down-regulated exclusively in males (1426) or in females (104). This result suggested that there were much more genes differentially expressed in males than in females during drought stress. The remaining four clusters were coregulated in the two sexes, including two clusters with similar co-regulation patterns and two with opposite co-regulation patterns. In the two clusters with similar co-regulation patterns, 388 DEGs were co-up-regulated and 45 DEGs were co-downregulated in the two sexes. Interestingly, in the co-up-regulated clusters, 96 transcripts were undetectable in the two sexes under the well-watered conditions, suggesting that they responded specifically to drought stress (Table S4 available as Supplementary Data at Tree Physiology Online). Of 96 co-upregulated DEGs, many genes were involved in plant defense response, signal transduction, transmembrane transport, transcription regulation, fatty acids biosynthesis and basic metabolic processes. In the two clusters with opposite co-regulation patterns, 45 DEGs were up-regulated in females but downregulated in males, and 56 DEGs were down-regulated in females but up-regulated in males (Table S3 available as Supplementary Data at Tree Physiology Online).
Sexual differences of gene functional categories in response to drought
Gene function groups involved in drought responses have been identified using the parametric analysis of gene set enrichment (PAGE) ( Table 2 ). GO enrichment in females was significantly different than that in males. In the Cellular Component, 'ribosome' (GO:0005840), 'ribosome subunit' (GO:0033279) and 'cytosolic ribosome' (GO:0022626) appeared to respond to drought in the two sexes; while 'ribonucleoprotein complex' (GO:0030529), 'intracellular non-membrane-bounded organelle' (GO:0043232), and 'nonmembrane-bounded organelle' (GO:0043228) were only enriched in females; whereas 'large ribosomal subunit' (GO:0015934), 'cytosolic part' (GO:0044445) and 'cytosolic large ribosomal subunit' (GO:0022625) were only enriched in males. In terms of the Molecular Function ontology, 'structural molecule activity' (GO:0005198) and 'structural constituent of ribosome' (GO:0003735) were enriched in the two sexes, while 'transcription activator activity' (GO:0016563) was enriched in females and 'zinc ion binding' (GO:0008270) was enriched in males. Interestingly, 10 terms of the Biological Processes ontology were enriched exclusively in females. The GO terms enriched in females were related to the responses to ABA and water deprivation, and the most enriched term was 'negative regulation of abscisic acid mediated signaling pathway' (GO:0009788).
Sexual differences of hormone-related genes in response to drought
According to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database, 364 out of 803 annotated Populus genes involved in hormone biosynthesis were detected in the four libraries and 98 genes were differently expressed in
Transcriptional profiling of sexual differences to drought in poplar 1545 P. yunnanensis under drought stress based on a binomial test (P < 0.05 and FDR < 0.001) and a twofold change cutoff (Table  S5 available as Supplementary Data at Tree Physiology Online).
In hormone biosynthesis-related DEGs, 13 DEGs were identified in females including 9 up-regulated and 4 down-regulated during drought stress, while 89 were regulated in males including 69 up-regulated and 20 down-regulated DEGs, and only 4 were co-regulated in the two sexes. Hierarchical clustering of the 98 hormone-related DEGs showed overall differences between females and males in response to drought (Figure 4 ). Under drought stress most hormone-related DEGs were co-upregulated or co-down-regulated in the two sexes; but the fold changes of these transcripts were greater in males than in females. Ten ABA metabolism-related genes (two ABA1s, four NCEDs, ABA2, AAO1, AAO2 and CYP707A) and five ABA-responsive element-binding factors were identified in the poplar leaf transcriptomes based on their homologous in the Arabidopsis transcript databases ( Figure 5 , Table S6 available as Supplementary Data at Tree Physiology Online). In the two sexes, most ABA biosynthesis-related genes and ABAresponsive element-binding factors were up-regulated under drought stress. These results strongly supported that drought stress is a major inducer and it regulated expression of ABArelated genes in the two sexes. We further analyzed the absolute value of expression changes of ABA biosynthesis genes in the four libraries. Despite their similar expression patterns, ABA1 (POPTR_0007s10980.1), NCED (POPTR_0005s07010.1) and AAO1 (POPTR_0009 s15560.1) were more differentially expressed in males than in females. Of the nine ABA biosynthesis-related genes, eight and three were differentially regulated (more than twofold changes) during drought stress in males and females, respectively, suggesting that males 1546 Peng et al. Tree Physiology Online at http://www.treephys.oxfordjournals.org significantly altered expression of the ABA biosynthesis genes in order to tackle drought stress.
Sexual differences of photosynthesis-related genes in response to drought
In total, 62 DEGs related to photosynthesis were differentially regulated in either males or females during drought stress (Table S7 available as Supplementary Data at Tree Physiology Online). Six DEGs involved in the photosystem I, II and photosynthethic electron transport were down-regulated in females, while in males 10 such DEGs were up-regulated and 7 DEGs down-regulated. Transcript abundance of a photosynthesis antenna protein gene was also significantly different between males and females. Under drought stress, only two transcripts (Lhca6, POPTR_0006s14180.1; Lhcb8, POPTR_0008s06720.1) were up-regulated in females, while in males 10 transcripts were identified to regulate biosynthesis of antenna proteins including 8 up-regulated DEGs (Lhcb2-1, POPTR_0014s16300.1; Lhcb3, POPTR_0001s41780.1; Lhcb3-2, POPTR_0011s12680.1; Lhcb6-1, POPTR_0001s21740.1; Lhcb7, POPTR_0005s28000.1; Lhcb8, POPTR_0008s06720.1; Lhca4, POPTR_0015s07340.1; Chlorophyll A-B binding protein, POPTR_0016s12260.1) and 2 down-regulated DEGs (Lhcb4, POPTR_0006s10040.1; Lhcb5, POPTR_0019s09140.1). Similar results were also found in carbon fixation in photosynthetic organisms, where more DEGs were detected in males (17 up-regulated and 8 down-regulated DEGs) compared with females (5 up-regulated and 1 down-regulated).
Sexual differences of reactive oxygen species scavenging enzyme-related genes in response to drought
Expression levels of reactive oxygen species (ROS) scavenging enzyme-related genes and stress-responsive genes are closely correlated to stresses. We compared 16 genes encoding glutathione reductase (GR), glutathione peroxidase (GPx), dehydroascorbate reductase (DHAR), ascorbate peroxidase (APx), catalase (CAT) and superoxide dismutase (SOD) in the four DGE libraries ( Figure 6 , Table S8 available as Supplementary Data at Tree Physiology Online). Under the wellwatered treatments, transcript levels were mostly higher in females than in males except for APx (POPTR_0004s18030.1) and SOD (POPTR_0019s08540.1). After 10 days of water deficit, 9 genes showed a down-regulation trend and seven genes were slightly up-regulated in females, while 14 genes were mainly up-regulated and two genes down-regulated in males. Based on the fold change of transcript abundance, 11 genes involved in ROS scavenging enzyme system were largely regulated in males including nine up-regulated DEGs (PtrcGpx1_1, POPTR_0006s28120.1; DHAR3, POPTR_0008s 04920.1; three APx, POPTR_0005s20140.1, POPTR_0002s
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Sexual differences of co-up-regulated DEGs in drought stress
In our study, 388 co-up-regulated DEGs in the two sexes were identified in drought stress (Table S2 available (Figure 7) . The results showed that the nine DEGs were up-regulated in the two sexes at the early stages of drought stress (2 days). Transcript abundances of seven co-up-regulated DEGs have higher fold change in females than in males except for NCED and sucrose synthase. With the time prolonged, all the nine DEGs were up-regulated and gradually reached to the high transcript levels in males, while in females, LEA, chaperone protein dnaJ11 and metallothionein 2a quickly amounted to high transcript levels at 2 days but then gradually decreased.
Sex chromosome-linked DEGs in drought stress
ZW sex determination system has been previously proved in Populus with the female being the heterogametic sex. The female-specific region of the W chromosome is 706 kb in chromosome 19, the putative incipient sex chromosomes (Yin et al. 2008) . We located a total of 136 DEGs in chromosome 19, including 14 DEGs exclusively up-regulated or down-regulated in females, 106 DEGs exclusively up-regulated or down-regulated in males and 16 DEGs co-regulated in the two sexes (Table S9 available 
Discussion
Drought significantly decreased plant growth in height and basal stem diameter in both sexes of P. yunnanensis. But females exhibited more significant growth arrest than males
Transcriptional profiling of sexual differences to drought in poplar 1549 Figure 5 . Regulation of transcript abundance related to ABA biosynthesis. Expression differences of the ABA biosynthesis-related genes between males and females under drought stress. ABA1: POPTR_0005s18160.1, POPTR_0007s10980.1; NCED: POPTR_0011s11370.1, POPTR_0005s07010.1, POPTR_0001s40420.1, POPTR_0019s12320.1; ABA2: POPTR_0001s06170.1; AAO1: POPTR_0009s15560.1; AAO2: POPTR_0004s20280.1; CYP707: POPTR_0002s12770.1; ABA-responsive element-binding factors: POPTR_0014s02810.1, POPTR_0001s41360.1, POPTR_0004s14790.1, POPTR_0009s10400.1 and POPTR_0002s12710.1.
( Figure S3 available as Supplementary Data at Tree Physiology Online) despite similar leaf water potential for the two sexes ( Figure S4 available as Supplementary Data at Tree Physiology Online). This is in agreement with our previous study with individual poplar trees selected from natural population . Drought stress had greater negative effect on females than on males in plant growth, dry matter accumulation, net photosynthesis rate, stomatal conductance and transpiration. Thus, male P. yunnanensis trees were better capable to survive in drought conditions and maintained higher growth rates than females . In the present study, we further investigated the molecular base of sexual differences of poplar in response to drought stress. Using deep sequencing of 21-nucleotide tags genome-wide expression in poplar leaves were profiled and sexual differences in transcript abundance between the two sexes were detected. Among a total of 22,235 genes derived from the four DGE libraries, 6039 DEGs were identified in drought stress, and the identified DEGs in males (5539) were 5 times more than in females (1034). Similar result was previously observed in another Populus species that the drought-resistant genotypes (lowabscission extremes) had more genes whose expression was altered in drought stress (Street et al. 2006) . The significant sexual differences in response to drought stress suggest that male and female P. yunnanensis trees have different tolerance to drought stress via transcriptome remodeling. Despite different numbers of genes expressed between males and females, genes with matches in the poplar genome had similar numbers and they were largely overlapped in the two sexes (Figure 1) . Under well-watered conditions 18,178 Figure 6 . Regulation of transcript abundance related to ROS scavenging enzyme system. Left Y-axis is the normalized transcript abundance for four treatments; right Y-axis is the fold change of transcript abundance [log 2 (ratio)] under drought stress. TPM, transcripts per million clean tags; GR: POPTR_0015s04650.1, POPTR_0015s04650.1, POPTR_0003s17670.1; GPx: POPTR_0006s28120.1; DHAR: POPTR_0005s14550.1, POPTR_0010s21840.1, POPTR_0008s04920.1; APx: POPTR_0005s20140.1, POPTR_0002s08240.1, POPTR_0009S02070.1, POPTR_ 0004s18030.1; CAT: POPTR_0002S01080.1, POPTR_0005s10340.1, POPTR_0005s27300.1; SOD: POPTR_0019s08540.1, POPTR_ 0005s09190.1. Figure 7 . Quantitative reverse transcriptase-polymerase chain reaction analysis of nine selected DEGs co-up-regulated in males and females. Fold changes [log 2 (ratio)] of transcript abundance (Y-axis) in response to drought stress were investigated across a time interval of 2 days (X-axis). Relative transcript abundance was evaluated using the comparative cycle threshold method with ubiquitin-conjugating enzyme as the reference gene. NCED: POPTR_0019s12320.1; AUX/IAA protein: POPTR_0002s04580.1 USP: POPTR_0002s19780.1, POPTR_0014s11710.1; LEA: POPTR_0010s01590.1; Chaperone protein dnaJ 11: POPTR_0005s26220.1; Metallothionein 2a: POPTR_0006s08530.1; flavin-binding kelch domain F box protein: POPTR_0008s13460.1; Sucrose synthase: POPTR_0002s20340.1. and 18,559 genes from females and males, respectively, had matches in the poplar genome and 16,450 genes were common to both sexes, while under drought stress 19,340 and 19,303 genes of females and males had matches, respectively, and 17,436 were common. In the well-watered conditions, transcript abundances of genes up-regulated in females were higher than those in males, especially genes involved in plant hormone biosynthesis, photosynthesis and ROS scavenging enzyme system. In contrast, under drought stress transcript abundances of up-regulated genes dramatically increased in males while they remained relatively stable in females. For instance, under the well-watered conditions, 20.4% (20 out of 98) of the hormone synthesis genes in females had lower transcript abundance than in males. Our previous study inferred that different sexes had significantly different tolerance to drought stress and females suffered more serious stress due to more significant growth arrest than males . Most of the defense-related genes were up-regulated in both males and females, but in females their expression rapidly reached to high levels and then underwent relatively stable (Figures 6 and 7) , whereas males can better mobilize growth, metabolism regulation and defense metabolism to protect plants from drought stress injury by increasing abundance of more defense-related and metabolism transcripts (Figures 6 and 7) . This was also confirmed by the skewed sex ratios in favor of males that were commonly observed in natural habitats especially in xeric habitats .
Plant growth and its adaptation to stress are controlled by plant hormones (Wolters and Jürgens 2009) . A number of hormone synthesis genes have been implicated in the improvement of drought injuries. Abscisic acid is a key regulator of drought stress and endogenous ABA content rapidly increases during drought stress to improve the drought tolerance (Zeevaart and Creelman 1988) . Higher ABA concentration during drought stress helped to maintain water status in P. yunnanensis (Duan et al. 2008) and P. cathayana (Xu et al. 2008b . Recent genetic and genomic analyses have revealed the molecular basis of the pathway and genes involved in ABA biosynthesis and catabolism (Nambara and Marion-Poll 2005) . Up-regulation of the ABA1, NCED, ABA2 and AAO1 can convert zeaxanthin into ABA, which can be catalyzed and metabolized by CYP707A (Nambara and Marion-Poll 2005) . Using the IlluminaSolexa sequencing technology, numerous genes involved in ABA signaling regulation and biosynthesis were significantly up-regulated or down-regulated in Populus euphratica Oliv. under salt stress (Qiu et al. 2011) . In our study, we also found eight ABA biosynthesis-related genes and five ABA-responsive elementbinding factors during drought stress. Two ABA1 genes (POPTR_0005s18160.1 and POPTR_0007s10980.1) and four NCED genes (POPTR_0011s11370.1, POPTR_0005s07010.1, POPTR_0001s40420.1 and POPTR_0019s12320.1) were up-regulated in males. In Arabidopsis, AtNCED3 was strongly induced by dehydration and high salinity and its over-expression improved drought tolerance by increasing the endogenous ABA level (Iuchi et al. 2001) . Our results also showed that PtNCED3 (POPTR_0001s40420.1) was strongly induced by drought stress. Similar results have been also found in P. euphratica in that Unigene21682_All, a putative homolog of AtNCED3 EST, was up-regulated under salt stress (Qiu et al. 2011) . Furthermore, ABA2 and AAO2 were negative regulators of ABA in Arabidopsis (Cheng et al. 2002 , Hoth et al. 2002 , Xiong et al. 2002 . In the present study, two genes encoding enzymes related to ABA synthesis (PtABA2 and PtAAO2) were slightly down-regulated under drought stress in the two sexes. Thus, ABA biosynthesis could be up-regulated by positive regulators (PtNCED3, PtABA1, PtAAO1) and down-regulated by negative regulators (PtABA2 and PtAAO2). These results were not surprising because ABA plays key roles in drought and high-salinity stress responses.
Under drought stress many genes related to photosynthesis were down-regulated in both sexes, but genes related to photosynthetic systems had distinct regulation. Firstly, all identified DEGs encoding components of photosystem I, II, and photosynthetic electron transport in females were repressed under drought stress, suggesting that females reduced the activity of the PSII and PSI to prevent the photo-oxidation of the photosynthetic apparatus and decreased the electron transfer efficiency between them. These results were similar to previous observation in maize (Hayano-Kanashiro et al. 2009 ). In contrast, many DEGs encoding components of PSI [PsaL (POPTR_0014s17400.1), PsaN (POPTR_0007s04160.1, POPTR_0005s06420.1), PsaH (POPTR_0003s05110.1)], PSII [PsbY (POPTR_0010s06190.1), PsbR (POPTR_0011s14550.1, POPTR_0001s42980.1), PsbS (POPTR_0002s08410.1), PsbQ (POPTR_0010s17400.1)] and photosynthetic electron transport [PetC (POPTR_0013s14520.1), putative PLAS1_POPNI Plastocyanin A (POPTR_0005s26740.1), 2Fe-2S ferredoxin (POPTR_0010s24560.1)] were up-regulated in males under drought stress, suggesting that males had more transcription of these genes to ensure the integrity of photosynthetic organs and a high photosynthetic rate than females. Secondly, under drought stress eight DEGs encoding photosynthesis antenna protein were up-regulated in males, while only two such DEGs were up-regulated in females. This suggested that more light could be captured in males. Furthermore, similar patterns of gene expression were found in carbon fixation in photosynthetic organisms. For instance, six DEGs (five up-regulated and one down-regulated) were identified in females and 25 DEGs (17 up-regulated and eight down-regulated) identified in males. In order to maintain a high photosynthetic rate and an efficient electron transfer between PSII and PSI, males developed more complete structures of photosynthetic apparatus based on our previous study . Drought could injure the organelles of the mesophyll cells, especially chloroplasts and mitochondria in both sexes; however, the cell organelles of males can maintain a relatively intact structure compared with females under drought stress . Thus, males have a greater tolerance and they developed more strategies to combat drought stress, such as maintaining complete photosynthetic apparatus, and increasing more photosynthesis antenna protein for a higher carbon fixation.
Decreased photosynthetic activity affects ROS production (Mahajan and Tuteja 2005) . Water deficit in plants increased ROS by transferring excess electrons during photochemistry of chloroplasts in leaves (Edreva 2005) . To protect cells from oxidative injury under drought stress, plants have developed several strategies to eliminate excess ROS (Mittler et al. 2004) . Antioxidant enzymes enabled detoxification of excess ROS, and maintained balance between the formation and removal of ROS (Torres 2010) . Female poplars exhibited more ROS accumulation than males under drought . Here, we observed sex-dependent changes in the transcript abundance of 16 DEGs encoding antioxidant enzymes ( Figure 6 ). Under the well-watered conditions, 15 ROS antioxidant enzyme had significantly higher transcript abundance in females than in males with only one exception (APx, POPTR_0004s18030.1), while under drought stress, expression changes of these genes were significantly higher in males than in females. Moreover, transcripts of GPx (POPTR_0006s28120.1), CAT (POPTR_0005s10340.1), SOD (POPTR_0005s09190.1), GR (POPTR_0015s04650.1, POPTR_0003s17670.1) and APx (POPTR_0002s08240.1, POPTR_0009s02070.1) showed opposite regulation patterns (up-regulated in males and downregulated in females). Greater transcript abundance of antioxidant enzyme could help to produce more antioxidant enzymes and remove excess ROS. Our previous study showed that females had lower APx, DHAR and GR activities than males under well-watered conditions . A possible reason is that females need more antioxidant enzymes to remove more excess ROS than males under well-watered conditions. This is supported by the observation that males had higher ROS scavenging capacity than females under drought stress ). In the present study an increased transcript abundance of the antioxidant enzyme-related genes was observed under drought stress. For example, nine genes encoding antioxidant enzymes were significantly up-regulated and two such genes down-regulated in males, while only two genes encoding antioxidant enzymes were up-regulated and two such genes down-regulated in females. Apparently, males have a greater capability to up-regulate antioxidant enzymerelated genes, while females could not tackle intensified stress through accumulating more ROS.
Sexual differences in the co-up-regulated DEGs during the course of drought treatment also strongly supported that male and female P. yunnanensis trees have different responses in drought stress. Among nine co-up-regulated DEGs identified in this study, six DEGs (NCED, LEA, 2 USP, metallothionein 2a, chaperone protein dnaJ11) were previously found to up-regulate in drought stress (Iuchi et al. 2001 , Bartels and Sunkar 2005 , Bogeat-Triboulot et al. 2007 , Shinozaki and YamaguchiShinozaki 2007 . These genes were up-regulated in females at the earlier stages of drought treatment but quickly reached high transcript levels.
Identification of sex chromosome-linked DEGs will aid to dissect the sex differences in response to environmental factors. Surprisingly, only one sex-linked DEG (TIR-NBS-LRR gene, POPTR_0019s00900.1) was identified in our study and it was exclusively up-regulated in females under drought stress. Plant NBS-LRR proteins induce a series of plant defense responses, such as activation of an oxidative burst, calcium and ion fluxes, mitogen-associated protein kinase cascade, induction of pathogenesis-related genes and the hypersensitive response through a network of signaling pathways (Belkhadir et al. 2004 ). Four NBS-LRR genes were localized in the neighboring region next to TIR-NBS-LRR gene ( Figure S5 available as Supplementary Data at Tree Physiology Online). This result suggested that multiple members of a NBS-LRR gene family located in the peritelomeric region of chromosome 19 may play a role as recombination suppressors (Yin et al. 2008 ). The only one sex chromosomelinked gene differentially expressed under drought stress suggested that drought significantly induced a range of metabolism-related genes mostly located in non-sex chromosomes.
In conclusion, the Illumina-Solexa sequencing platform was used to dissect sexual differences of the poplar leaf transcriptomes in response to drought stress. Our results showed that drought significantly altered the leaf transcriptomes in both males and females; however, much more DEGs were identified in males under drought stress, including genes related to plant hormone biosynthesis, photosynthesis metabolism and ROS scavenging enzyme. Females quickly changed transcript abundance to reduce the stress injury during drought stress, while males developed various strategies to reduce drought impacts. Transcriptome analyses provided molecular evidence that females suffer greater negative effects from drought than males. Our results could have implications in natural population conservation in P. yunnanensis and its commercial plantations in drought conditions.
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